This paper presents a qualitative investigation of the propeller mechanism in AE Aquarii within the framework of the magnetohydrodynamic (MHD) interaction between the fast rotating magnetosphere of the white dwarf and a blobby mass flow stream from the secondary star. It has been shown that the denser part of the mass flow can penetrate the fast rotating magnetosphere of the white dwarf to the circularization radius, before it is ejected from the system. It has been shown that the total MHD power dissipated on a volume of material equivalent to an orbiting ring of cross-sectional radius R stream ∼ 10 9 cm, at the circularization radius, is P MHD ∼ 10 34 erg s −1 , which is of the same order of magnitude as the inferred spin-down power of the white dwarf. Mixing of the magnetospheric field with a turbulent gas stream due to turbulent diffusion and Kelvin-Helmholtz instabilities, creating magnetic vortices in the flow, results in a transfer of mechanical energy to the stream, accelerating it like a slingshot to velocities exceeding the escape velocity over time-scales far too short for viscous spreading of the material into a disc. The diffusion of the field into the turbulent gas probably results in stripping of the magnetospheric field through fast reconnection as a result of the huge differential rotation, resulting in the creation of magnetized plasma clouds with fields of B cloud 300 G. It has been shown that the interaction of the white dwarf field with the magnetized blob can accelerate electrons to energies of at least e ∼ 130 MeV within the dominant energy-loss time-scales, which is high enough to account for the maximum electron energies of max ∼ 80 MeV, inferred from the latest detection of possible non-thermal emission at frequencies ν ∼ 17 000 GHz and 25 000 GHz, using the Keck I Telescope in Hawaii. It has been shown that the efficiency of the MHD propeller in converting thermal electrons to relativistic electrons, energetic enough to drive the total observed non-thermal emission in AE Aquarii, is probably of the order of ∼0.1 per cent. This is consistent with the ratio (β ∼ 0.1 per cent) of the total observed radio to mid-infrared synchrotron emission to the total spin-down power of the white dwarf. Based upon energy arguments, it has been shown that magnetized synchrotron-emitting clouds with fields of B eq ∼ 300 G, which is similar to the magnetospheric field at the main interaction zone, i.e. the circularization radius, can confine a population of relativistic electrons that are able to power the total observed non-thermal radio to mid-infrared emission with luminosity L R-IR ∼ 10 31 erg s −1 .
of high thermal time-scale mass transfer from the K4 secondary star, and resultant high mass accretion on to the surface of an initially slowly rotating white dwarf. It has been pointed out that the initial rotation period of the magnetized white dwarf during the phase of high mass accretion could have been of the order of P 1,i ∼ 1 h (Wynn, King & Horne 1997) . By investigating the evolution of AE Aquarii, it has been shown (Meintjes 2002 ) that the current short P 1 = P spin ≈ 33 s spin period of the white dwarf and the long P orb = 9.88 h orbital period are reconcilable with a history of very high, runaway mass accretion on to the white dwarf, which probably lasted for a period of approximately t acc ≈ 10 4 -10 5 yr (Meintjes 2002; Schenker et al. 2002) . In this high mass transfer phase, AE Aquarii could have been a supersoft X-ray source (Meintjes 2002; Schenker et al. 2002) . The high mass accretion rate on to the surface of the white dwarf resulted in the white dwarf being spun-up to a period close to P 1 = P spin . It has been shown (Meintjes 2002 ) that the high mass transfer phase in AE Aquarii probably terminated at a critical mass ratio of q crit 0.73, assuming that the secondary is slightly evolved, which seems to be the case (e.g. Wynn et al. 1997; Eracleous & Horne 1996; Pearson, Horne & Skidmore 2003) . Optical (Welsh et al. 1995; Welsh, Horne & Gomer 1998) and ultraviolet (Eracleous et al. 1994 ) spectroscopic observations using the Hubble Space Telescope reveal, in conjunction with a pulse timing analysis of the 33 s spin period , that the current mass ratio of the system is probably between q = (M 2 /M 1 ) ≈ 0.64 and 0.67. The rapid mass transfer in the thermal mass transfer phase rapidly eroded the mass of the secondary star from values probably in excess of M 2,i ∼ 1 M , to a value M 2 < 1 M before q crit was reached. Meintjes (2002) showed forcrit that mass transfer proceeded at a much lower rate, driven by magnetic braking of the secondary star.
The system shows rapid flaring in optical wavelengths (e.g. Patterson 1979) , with the optical intensity varying between m v = 10 and 12 on a regular basis. These flares were initially associated with enhanced mass accretion on to the magnetic poles of the white dwarf from an accretion disc. However, there is a peculiarly weak correlation between the amplitude of the 33 s oscillation and the increased intensity during optical outbursts (e.g. Patterson 1979; O'Donoghue et al. 1995) , refuting the idea of enhanced mass accretion on to the poles of the white dwarf as being the source of the optical outbursts. This has been confirmed by HST observations of AE Aquarii during outbursts (Eracleous et al. 1994) , showing no correlation between the amplitude of the 33 s period and the increased brightness during flares. These findings, combined with the absence of double-peaked emission lines in the spectrum, which are the signature of an accretion disc (e.g. Horne 1991) , indicate that no accretion disc facilitates mass accretion on to the white dwarf in quiescence and flares. Cropper (1986) , and later Beskrovnaya et al. (1995) , reported circular polarization at the level of (0.05 ± 0.01) per cent and (0.10 ± 0.03) per cent, respectively, in optical frequencies, which, if produced by cyclotron emission, may indicate a magnetic field in excess of B 1 ∼ 10 6 G (Chanmugam & Frank 1987) . It has been pointed out (Patterson 1994 ) that the fast rotating magnetosphere of the white dwarf will act as a propeller, ejecting the mass flow from the system before it can settle in a well-defined disc. It has been pointed out that the mass transfer in cataclysmic variables is most probably blob-like (e.g. King 1993; , and that the observed outbursts in AE Aquarii are a result of less dense blobs overtaking denser and heavier blobs that have been ejected by the propeller from regions closer to the white dwarf (Welsh 1999; Horne 1999; Pearson et al. 2003) . In this model, the magnetospheric propeller acts as a blob sorter. The denser, heavier blobs penetrate deep into the magnetosphere, exiting with lower terminal velocity than less dense blobs, which are more easily penetrated by the field and ejected further out, exiting with higher terminal velocity (e.g. Wynn et al. 1997; Horne 1999; Pearson et al. 2003) . The result is a collision between less dense blobs overtaking heavier blobs, resulting in shocks and flares. Detailed simulations of the dynamics of magnetically propelled blobs indicate that they cross in an arcshaped region of the exit stream, in just the right place to account for the orbital kinematics inferred from the Doppler tomography of the emission lines (Welsh et al. 1998; Welsh 1999; Horne 1999; Ikhsanov, Neustroev & Beskrovnaya 2004) .
It has been shown (Wynn et al. 1997 ) that the ballistic stream consisting of the denser diamagnetic blobs passes the white dwarf at the distance of closest approach, which is of the order of the circularization radius, i.e. R circ ∼ 10 10 cm. This means that the interaction between the magnetosphere and the blob stream takes place far outside the corotation radius, which is of the order of R cor ∼ 2 × 10 9 cm. Therefore, the interaction between the fast rotating white dwarf magnetosphere and the fragmented mass flow from the secondary star exerts a spin-down torque on the white dwarf. This has been confirmed by a 13 yr study of the phase coherence of the 33 s white dwarf spin period, revealing that the white dwarf is indeed spinning down at a rate ofṖ ∼ 5.6 × 10 −14 s s −1 ). This spin-down implies an inferred spindown power of P sd = I ˙ ∼ 10 34 erg s −1 . The inferred spin-down power is approximately a factor of 500 higher (e.g. Meintjes & de Jager 2000) than the observed accretion induced luminosity, i.e. L acc ∼ 2 × 10 31 erg s −1 , derived from HST ultraviolet (UV) and X-ray data (e.g. Eracleous, Halpern & Patterson 1991; Eracleous & Horne 1996) . This implies an accretion rate on to the poles of the white dwarf of the order ofṀ ∼ 10 14 g s −1 . It has been pointed out (Eracleous & Horne 1996; Wynn et al. 1997 ) that, in order to explain the emission lines, the propeller-driven mass outflow rate of material from the white dwarf has to be of the order ofṀ out ≈ 5×10 17 g s −1 . The ratio of the inferred accretion rate to the inferred mass transfer corresponds to a fraction of approximately ∼0.01-0.02 per cent, suggesting an extremely effective propeller. This is confirmed by the inferred rate of outflow of mechanical energy from the system, which is at least L mech = 
This is of the order of the inferred spin-down power of the white dwarf, implying that nearly the entire reservoir of rotational kinetic energy drives the mass outflow from the system. This propeller effect contributes to the uniqueness of AE Aquarii among the magnetic cataclysmic variables. Another aspect contributing to the uniqueness of AE Aquarii is the highly variable optical as well as non-thermal radiation. It has been mentioned that the uniqueness of AE Aquarii is most probably the propellering of material from the system and the nearly continuous thermal and non-thermal outbursts. A recent paper (Pearson et al. 2003) establishes the relation between the thermal optical flares and the propeller outflow of material in terms of less dense blobs colliding with slower-moving, denser blobs, in the outflow. The main emphasis of this paper will be the investigation of the energetics of the magnetohydrodynamic (MHD) propeller in AE Aquarii and the consequences for the continuous non-thermal flaring. By investigating the propeller ejection of a blob-like mass flow from the magnetosphere, important constraints can be placed on the non-thermal emission processes. This paper will be structured as follows. In Section 2 an overview of the observed non-thermal radio to mid-infrared emission from AE Aquarii is presented. In Section 3 the basic energetics of the MHD interaction between the white dwarf magnetosphere with clumpy mass flow is investigated. In Section 4, a qualitative discussion relating to the energy the propeller mechanism channels into particle acceleration and possible non-thermal emission is presented, followed by the discussion in Section 5.
R A D I O F L A R E S
AE Aquarii displays peculiar non-thermal radio to infrared (IR) variability (Bastian et al. 1988; Abada-Simon et al. 1993 , 1995a Abada-Simon, Bastian & Bookbinder 1995b; Abada-Simon et al. 1998) , and possibly also transient VHE γ -ray emission (e.g. Meintjes et al. 1992 Meintjes et al. , 1994 Meintjes & de Jager 2000) . Radio measurements with the VLA at 1.5, 4.9, 15 and 22.5 GHz reveal nearly continuous radio synchrotron outbursts superimposed on a weak quiescent background emission (Bastian et al. 1988) , mimicking Cyg X-3, just on a lower scale. This variable radio emission was interpreted as non-thermal (10 9 K < T B < 10 12 K) incoherent flares involving relativistic electrons radiating in expanding magnetized clouds (B 0 ∼ 300-1000 G) with energies γ 3-30 (Bastian et al. 1988 ). The general time-averaged shape of the radio spectrum up to 15 GHz resembled a self-absorbed power law S ν ∼ S 0 ν α with an index α = 0.3-0.4 (Bastian et al. 1988 ). More recent radio and IR observations (Abada-Simon et al. 1993 , 1995a extending to ν ∼ 3333 GHz revealed similar outbursts, confirming the self-absorbed spectrum extending to ν ∼ 3333 GHz. However, the authors cautioned that the measured flux level at 3333 GHz is also consistent with the optically thin part of the radio spectrum after the turning point. The detection at 3333 GHz (90 µm) corresponds to a measured flux level (at 5σ level) of S ν ∼ 113 mJy (AbadaSimon et al. 2002) , different from their earlier reports (Abada-Simon et al. 1999) , which put the detection at the 3.1σ significance level and a flux close to S ν ∼ 180 mJy. It is anticipated that the detection of the 3333-GHz emission must be very close to the turning point of the self-absorbed spectrum, since IRAS only obtained three ∼200 mJy upper limits (Abada-Simon et al. 2002) at 12, 25 and 60 µm, respectively (i.e. 25 000, 11 538 and 5000 GHz). The timeaveraged spectrum up to 3333 GHz is approximately
, with S 1 ≈ 3.15 mJy (Abada-Simon et al. 1999 . A recent midinfrared campaign at 11.7 µm (ν ∼ 25 000 GHz) and 17.7 µm (ν ∼ 17 000 GHz), using the Keck I Telescope (Dubus et al. 2004 ), detected variable emission at average flux levels of S 11.7 µm = 24.1 ± 1.0 mJy and S 17.7 µm = 26.8 ± 5.5 mJy, respectively. This results in an average electron spectral index of approximately δ ∼ 1.55, which is close to the canonical δ = 2. These flux levels are perfectly consistent with the predicted non-thermal optically thin mid-infrared flux (e.g. Abada-Simon et al. 1999; Meintjes & Venter 2003) . This may be in fact the first direct detection of the optically thin part of the non-thermal spectrum of AE Aquarii. Unfortunately, the long integration time with Keck I destroyed any information regarding time variability of the observed emission.
The variability of the observed radio emission and the resultant spectrum can be explained in terms of a superposition (Bastian et al. 1988 ) of optically thick expanding magnetized synchrotronemitting clouds (van der Laan 1963 (van der Laan , 1966 . VLBI observations of AE Aquarii during a radio flare indicate that the radio source expands with a velocity of the order of v exp ∼ 0.01c, with c the speed of light (A. E. Niell, private communication), reaching sizes of ∼4 orbital radii during large flares. As these plasmoids expand, they become optically thin to the synchrotron emission, showing a spectrum S ∝ ν −(δ−1)/2 , with δ the electron spectral index. The frequency at which the spectrum turns over from optically thick to optically thin, i.e. ν m , corresponds to the maximum flux density S 0 , which is related to the initial blob size r 0 and magnetic field B 0 of these plasmoids (van der Laan 1966; Bastian et al. 1988) .
No information regarding the nature of the flaring is obtained from the latest detection at 90 µm (3333 GHz), or the Keck I data (Dubus et al. 2004 ). However, the non-thermal spectrum (see Abada-Simon et al. 1999 Meintjes & Venter 2003) indicates that the flux density is not compatible with flux densities obtained in the J, H, K and L bands (Tanzi, Chincarini & Tarenghi 1981) corresponding to the spectrum of the secondary star (Abada-Simon et al. 1999 . This evidence, complemented with the latest mid-infrared detections (Dubus et al. 2004) , strengthens the conjecture of the non-thermal nature of the observed radio emission. The total integrated nonthermal flux is obtained by integrating over the whole non-thermal spectrum (Meintjes & Venter 2003) , between ν = 1 and 10 5 ) GHz, resulting in an integrated flux of
Assuming a spherical source, the total integrated flux implies a nonthermal radio to mid-infrared luminosity of approximately
This maximum non-thermal radio luminosity inferred from the radio spectrum of AE Aquarii is several orders of magnitude lower than the spin-down power of the magnetized white dwarf, i.e.
implying that only a small fraction (∼0.1 per cent) of the spin-down power is converted into non-thermal synchrotron emission. Since the magnetic propeller is probably the mechanism driving the non-thermal emission in AE Aquarii, a qualitative investigation has been made of its basic energetics. In the next section, the basic equations relating to the MHD power, as well as the influence it may have on the clumpy mass flow from the secondary star, is presented.
E N E R G E T I C S A N D M A S S F L OW

The basic equations
The energetics of the MHD interaction between the fast rotating magnetosphere and diamagnetic blobs plunging through the magnetosphere may be explained by Poynting's theorem, which states that the rate of change of the mechanical and field energy per unit volume equals the negative of the divergence of the field energy flux into a certain volume element, i.e.
In terms of standard electrodynamics, the rate of change of the mechanical and field energy densities are represented by
and
Integrating the equation above over a volume occupied by a conducting fluid interacting with the magnetosphere, using the divergence theorem, results in
where the E × B term on the right represents the so-called Poynting flux. The electric field depends on the resistivity (η) of the gas through its dependence on the magnetic Reynolds number (R m ∝ 1/η). Standard MHD gives (e.g. Parker 1976 )
Since the magnetic Reynolds number for most astrophysical plasmas is high, the second term can safely be ignored. A qualitative check regarding its contribution in relation to the specific case under consideration, even in the presence of turbulence, confirmed this conjecture. In the equation above, the velocity v represents the relative velocity of the magnetic field with respect to the flow. In this paper the interaction between the fast corotating poloidal field of the white dwarf with a clumpy flow in the equatorial plane is investigated. In such a scenario, it is anticipated that the relative velocity between the corotating poloidal magnetic field and the free-falling ballistic stream will be azimuthally in the equatorial plane, i.e. perpendicular to the poloidal field in the equatorial plane, i.e. v = v rel,⊥ = v φ, * − v ff . Therefore, the electric field can be expressed as
The corresponding expression for the Poynting flux is then
The equation above quantifies the energetics of the azimuthal energy transfer per unit surface area on orbiting material, resulting in acceleration of the material to velocities that may exceed the escape velocity from the system, i.e. the propeller effect. Although the equation above provides a vehicle quantifying the energetics involved, it depends obviously on effective and quick mixing of the magnetospheric field with the flow, enabling effective transfer of mechanical energy. Some ideas relating to this aspect have been proposed in the next section. The azimuthal velocity of the corotating magnetosphere at the radius of closest approach of the ballistic stream, i.e. around the circularization radius R circ ∼ 10 10 cm (i.e. R circ ≈ 10 R cor ), is of the order of v φ, * = R circ φ, * ∼ 2 × 10 9 cm s −1 . This exceeds the free-fall velocity of the flow in the same region by at least an order of magnitude, compelling us to believe that most of the propellering of material probably occurs close to the circularization radius (e.g. Wynn, King & Horne 1995; Wynn et al. 1997) . This implies that the azimuthal velocity of the corotating magnetosphere will be by far the dominant contributor to the perpendicular component of the relative velocity, hence v rel,⊥ ≈ v φ, * . The total power transferred to a stream of material is obtained by integrating the Poynting flux over the whole surface area of the fluid exposed to the MHD flux. The total power transferred to the material in the magnetosphere may result in the increase in the mechanical energy of the material and possibly also particle acceleration. In the next section the properties of the magnetosphere and the gas stream are investigated, enabling the quantifying of the mechanical energy transfer responsible for the propeller outflow.
The magnetospheric properties
In the previous subsection it has been shown that the mechanism driving the propeller outflow is most probably the result of the fast rotating magnetosphere interacting with the flow. This interaction forms the basis of the magnetospheric propeller effect. To allow an investigation of the magnetospheric propellering process, the magnetospheric field profile that is interacting with the flow has to be investigated.
As mentioned earlier, the reported circular polarization may indicate a white dwarf surface magnetic field in excess of B 1, * ∼ 10 6 G (Chanmugam & Frank 1987 ). An independent estimate relating to the magnetic field of the white dwarf can be obtained by inverting the discless accretion argument (Wickramasinghe, Wu & Ferrario 1991; Warner 1995) used to determine the possible existence of an accretion disc in intermediate polars. This implies that, in the earlier high mass transfer phase, an accretion disc, most possibly responsible for the rapid spin-up of the white dwarf to a period close to P ∼ 33 s, could develop if the magnetic moment of the white dwarf did not exceed (Meintjes 2002) 
expressed in units of 10 32 G cm 3 . This estimated magnetic moment is in excellent agreement with the magnetic moments (µ 1,32 ∼ 2) of the other DQ Her stars (Warner & Wickramasinghe 1991 ). This allows an independent estimate of the surface magnetic field strength of the white dwarf (B 1, * ∼ µ/R 3 1, * ) if its radius is known. By adopting the Hamada & Salpeter (1961) white dwarf mass-radius relation, the white dwarf radius is approximately Eracleous & Horne 1996) , resulting in a white dwarf surface field of B 1, * 2.4 × 10 6 µ 1,32 3
which is in perfect agreement with an estimated magnetic field strength of B 1, * ∼ 10 6 G inferred from circular polarization measurements (Cropper 1986; Beskrovnaya et al. 1995; Chanmugam & Frank 1987) .
A fast rotating magnetosphere of this magnitude will most probably have a very significant influence on the mass flow dynamics of large diamagnetic blobs in the stream from the secondary star. To investigate the magnetospheric effect on the flow, the energetics of the flow can be compared to that of the magnetosphere through which they plunge. The average flow density through the L 1 funnel (Meintjes 2004 ) is of the order of
Since the secondary star has a temperature of approximately T surf,2 ∼ 4000 K (Meintjes 2004) , the isothermal flow across the L 1 point enters the Roche lobe of the white dwarf with the speed of sound, i.e. 
with µ w < 1 representing the mean molecular weight of the gas in AE Aquarii. Using energy conservation arguments, the radius of the funnel is determined to be of the order of R ∼ (c s / orb ) ∼ 2 × 9 cm (Meintjes 2004) . This results in a mass transfer rate through the L 1 funnel that is approximatelẏ
Detailed modelling of the stream (Wynn et al. , 1997 shows that the stream follows a ballistic trajectory, interacting very strongly with the white dwarf magnetospheric field at the radius of closest approach, which is close to the co-called circularization radius (e.g. Frank, King & Raine 2002, Chapter 4, p. 60) , given by
The value of the circularization radius for AE Aquarii is approximately
The acceleration of the inhomogeneous blob stream into the fast rotating magnetosphere of the white dwarf, through a spray of accelerated gas stripped off the surface of blobs, as well as viscous heating as a result of the stream having to punch through the magnetospheric field, most probably result in a steady increase in the surface temperature of these blobs to values of the order of T stream ∼ 10 5 K, which is required to explain the line-emitting plasma (Jameson, King & Sherrington 1980) . Conservation of mass between the L 1 region and the circularization radius, i.e.
allows the estimation of the free-fall stream density at the circularization radius, provided the cross-sectional area of the stream is known. An independent calculation shows that the condition of hydrostatic equilibrium of the stream at the radius of closest approach, with respect to the ambient magnetic field, results in a required particle concentration at T ∼ 10 5 K of
Using the principle of mass conservation, the cross-sectional radius of the stream at the region of closest approach can be estimated to be of the order of 
This result is consistent with the principle of mass conservation between the L 1 point and the radius of closest approach, if the average stream density at the circularization radius is
confirming the previous estimate. In the expression above, v ff ≈ 1.55 × 10 8 cm s −1 represents the free-fall velocity of the flow at the radius of closest approach, i.e. close to the circularization radius, with v L 1 = c s ∼ 10 6 cm s −1 . It can be shown that the required magnetospheric field significantly influencing the ballistic free-falling stream, at the circularization radius, can be estimated through pressure balance arguments, resulting in a required magnetospheric field strength of B eq,circ = 4πρv 2 = 10 4 ρ 4 × 10 −10 g cm −3
This is orders of magnitude larger than the magnetospheric field strength at the circularization radius, which is of the order of
confirming that the ballistic nature of the blob stream may be preserved up to the radius of closest approach, justifying the selection of the free-fall velocity (v ff ) as representative of the bulk stream velocity through the magnetosphere. Since the field strength drops off as B ∝ R −3 , the field pressure will be too weak to influence the stream significantly at radii well outside the circularization radius. It is therefore anticipated that the bulk of the flow probably penetrates the magnetosphere to a region around the circularization radius unhindered by the magnetic field. The less dense material may, however, be stripped off the surface of the stream and accelerated away from the system outside the circularization radius, colliding with slower, denser blobs being ejected from deeper into the Roche lobe of the white dwarf, exiting with lower terminal velocities, producing the optical flares (Horne 1999; Pearson et al. 2003 ).
Provided effective mixing can occur between the fast rotating field and the blobby stream, the bulk of the stream may be accelerated azimuthally and propelled out of the system from the circularization radius. The effective gravity of orbiting material close to the white dwarf, in the orbital plane, is
where R represents the radial distance of the blob in the orbital plane, measured from the centre of the white dwarf, andê R points away from the centre of the white dwarf. For pure Keplerian flow, g eff → 0. If the flow is accelerated or, alternatively, decelerated azimuthally as a result of magnetospheric drag (e.g. Drell, Foley & Ruderman 1965; King 1993; Wynn et al. 1997) , the effective gravity that the flow experiences will be g eff > 0 (propeller) and g eff < 0 (towards white dwarf), respectively. If the propulsion time-scale is shorter than the viscous time-scale, i.e. the time-scale required (t visc ∼ 3 × 10 5 s) for viscous spreading of the ring into an accretion disc (e.g. King 1993 ), the propeller effect may be effective enough to prevent accreting on to the white dwarf. This seems to be supported by observational evidence suggesting extremely low mass accretion on to the surface of the white dwarf. In the next section the energy transfer from the fast rotating magnetosphere to a blobby accretion stream orbiting the white dwarf at the circularization radius will be investigated.
Magnetosphere-stream interaction
The mechanism responsible for the dramatic propeller outflow from AE Aquarii is the mechanical interaction between the fast rotating magnetosphere with the inhomogeneous flow, and relies on the proper mixing of the magnetospheric field with the flow. This is achieved if the fast rotating magnetosphere can penetrate the flow over sufficiently short time-scales, allowing maximum momentum transfer and resultant acceleration. The Reynolds number Re = (ρ stream v R stream /µ) (e.g. Rai Choudhuri 1998, p. 85) of the flow at the radius of closest approach, assuming funnel-like flow as a result of the equipartition between the gas and surrounding magnetospheric pressures, and smooth kinematic viscosity given by µ = 0.02(T /10 5 K) 1/2 g cm −1 s −1 (e.g. Lang 1998, p. 209) , is of the order of Re ∼ 3.6 × 10 
Reynolds numbers of these magnitudes are most probably conducive to the onset of turbulence in the flow (e.g. Tritton 1977, pp. 233-237; Rai Choudhuri 1998, pp. 85-87) , resulting in a dramatic decrease in the electrical conductivity (σ ) of the stream, and a corresponding dramatic increase of the magnetic diffusivity [η = (c 2 /4πσ )], allowing rapid diffusion of the magnetospheric field into the turbulent flow. An order-of-magnitude estimate of the turbulent magnetic diffusion time-scale can be obtained from the magnetic induction equation. Dimensional analysis of the conduction equation (e.g. Jackson 1975, Chapter 10, p. 472) shows that the rate of diffusion (over length scales ∼ L) of the field (of strength B) into a conducting fluid moving with velocity v is determined by the second term on the right-hand side of the following equation:
where 
This result shows that turbulent diffusion results in the magnetospheric field sufficiently penetrating the flow over time-scales of the order of one rotation period, resulting in an effective transfer of momentum and resultant azimuthal acceleration to velocities above the escape velocity. Another possibility is the onset of MHD instabilities like the so-called Kelvin-Helmholtz instability.
The condition for the triggering of growing unstable modes (Wang & Robertson 1985) is B 2 /4π ∼ ρ mag v 2 φ, * , i.e. the average magnetospheric energy density being similar to the kinetic energy density of trapped plasma corotating with the magnetospheric field. Since the average plasma density in the magnetosphere will be significantly lower than the average density in the stream, unstable modes of the MHD perturbations can grow in amplitude nearly everywhere in the magnetospheric field, without being ironed out by the trapped flow. This condition is already satisfied if the average trapped magnetospheric plasma density near the radius of closest approach is n mag 10 9 cm −3 , or ρ mag ∼ 10 −15 g cm −3 , which is similar to the inferred average inter-blob plasma density in the ballistic stream plunging through the fast rotating magnetosphere. The triggering of the Kelvin-Helmholtz instability leads to growing unstable modes that may penetrate the flow, especially in the presence of turbulence in the flow. The Kelvin-Helmholtz instability results in the generation of magnetic vortices, resulting in the effective mixing of fluid and field (e.g. Wang & Robertson 1985) , facilitating the effective transfer of mechanical energy to the orbiting gas. These magnetized vortices may decouple from the stream through fast magnetic reconnection, given the high fluid resistivity in the presence of turbulence. This may result in the generation of magnetized plasma bubbles that are magnetically pumped and accelerated by the fast rotating magnetospheric field sweeping across it. Trapped electrons in these bubbles may in fact drive the observed non-thermal radio to mid-infrared synchrotron emission. This will be discussed in greater detail in a later section. Since it is believed that the propeller process is effective enough to prevent the buildup of a dense gas envelope in the magnetosphere, the triggering of Rayleigh-Taylor instabilities is possibly avoided.
The high spin-down rate of the white dwarf, in conjunction with the low mass accretion of the white dwarf in comparison to the higher mass transfer from the secondary star, imply a very effective propeller process. Since the propeller is most probably too effective, allowing material to settle into an orbiting ring at the radius of closest approach, i.e. the circularization radius, the total mass outflow from the fast rotating magnetosphere is probably accelerated over a very short fraction of a circular orbit at the circularization radius. In order to make an estimation of the propeller outflow, it can be shown that the total MHD power transmitted across the surface of a volume of gas, equivalent to the content of a ring of cross-sectional radius R stream , with surface area A stream ∼ (2πR stream ) (2πR circ ), is of the order of
This does not imply that a ring of material would be orbiting the white dwarf, but it allowed an estimation of the required mass that would be driven out from the magnetosphere, explaining the inferred outflow luminosity (Wynn et al. 1997) . This estimate of the MHD power is exactly the same as the total inferred spin-down power of the white dwarf, which is sufficient to drive the inferred mass outflow from the white dwarf as well as the thermal and non-thermal emission from AE Aquarii. The corresponding magnetospheric energy input per unit volume into such a stream iṡ 
resulting in an acceleration of the material
Using ordinary Newtonian mechanics, it can be shown that this MHD acceleration can propel the stream at the circularization radius to velocities (v φ = v ff +v φ t), reaching values of the order of v φ ≈ 1.7 × 10 8 cm s −1 , within one rotation of the white dwarf. This effective outward gravity that the azimuthally accelerated material experiences is of the order of |g eff | ∼ 1.7 × 10 4 m s −2 , in comparison to the effective gravity that material accelerated to the escape velocity experiences, which is |g eff | ∼ 1.2 × 10 4 m s −2 . Therefore, it can be seen that the dissipation of MHD power transfers sufficient energy to the flow to propel it azimuthally to velocities exceeding the escape velocity within one rotation of the field. It is anticipated that the more dense blobs accelerate less than the less dense blobs, probably resulting in collisions between blobs of different speeds after their encounter with the rapidly rotating magnetosphere. This may explain the optical flares observed from AE Aquarii (e.g. Pearson et al. 2003) .
It has been shown that the transfer of mechanical energy from the fast rotating magnetospheric field to the fragmented stream via turbulent diffusion and magnetic vortices generated by KelvinHelmholtz instabilities is most probably the physical mechanism responsible for the propeller ejection of material from the binary system. It has been shown that unstable modes of the Kelvin-Helmholtz instability can grow everywhere in the magnetosphere where the magnetospheric tension is not dominated by the ram pressure of trapped plasma corotating with the flow (Wang & Robertson 1985) . The possible turbulent nature of the gas also favours fast reconnection, allowing the magnetized cells to be stripped from the flow. Without accepting any specific model for particle acceleration, the energy required for the observed non-thermal radio to mid-infrared emission will be determined within this framework.
PA RT I C L E AC C E L E R AT I O N
If the propeller effect and resultant magnetic reconnection are instrumental in the creation of a magnetized plasma with magnetic fields of the order of the magnetospheric field, i.e. B mag ∼ 300 G, being propelled from the magnetosphere, the interaction between these magnetized bubbles and the fast rotating magnetosphere sweeping across them may have interesting consequences. It can be shown that the Lorentz interaction between a magnetized conducting fluid experiencing a fast-moving magnetic disturbance propagating through a gas with the Alfvén velocity v A and a thermal electron moving with a velocity v e in the plasma, anchored to the frozen-in ambient field (e.g. Parker 1976) , is
It can be seen that both the perpendicular component of the electric field and the magnetic Lorentz interaction can result in the acceleration of charged particles like electrons perpendicular to a presumably chaotic (H. Spruit, private communication) field configuration inside the blobs. The acceleration will result in an effective transfer in energy from the field to thermal electrons, which is
These electrons will experience a push from the Lorentz force, resulting in a sudden increase in energy (e.g. Parker 1976) . It is in fact a Fermi mechanism or magnetic pumping. Therefore, thermal electrons in the fluid will be scattered up in energy through a headon interaction with the Lorentz force, as a result of magnetic disturbances propagating along the chaotic twisted field lines. 
The total accelerating time-scale will determine the energy the particles will reach, but the synchrotron radiation and adiabatic cooling rate in expanding blobs result in rapid losses, limiting the maximum energy that electrons can obtain in the pumping process. The acceleration time-scale will be of the order of the time that a single magnetospheric pressure wave, travelling at the local Alfvén velocity, traverses a magnetized cloud, which is 
However, the initial synchrotron and adiabatic loss time-scales are, respectively,
In the second equation the velocity of the expanding synchrotronemitting clouds corresponds to the VLBI observation of an expanding synchrotron source at a speed of v exp ∼ 0.01 c, where c represents the speed of light. It can be seen that this mechanism can accelerate electrons to energies reaching at least γ e ∼ 250 ( e ∼ 130 MeV) within the dominant energy loss time-scales. The calculation above shows that thermal electrons in the dissipation region can be scattered up to energies of the order of e ∼ 130 MeV over the dominant energy loss time-scales. It has been shown (Meintjes & Venter 2003) that only moderate electron energies (γ e < 20) are required to explain the non-thermal emission in gas clouds with magnetic fields between B cloud ∼ 2000 and 3000 G. If the clouds contain magnetic fields of the order of the magnetospheric field, then the maximum electron energy explaining the total non-thermal emission, including the latest measurements at frequencies ν ∼ 17 000 and 25 000 GHz (Dubus et al. 2004) , is of the order of γ e,max ∼ 150 ν max 25 000 GHz
Therefore it can be seen that magnetic pumping in these magnetized bubbles is effective enough to pump up electrons to high enough energies, explaining the total observed non-thermal emission from AE Aquarii. It has been pointed out (Bastian et al. 1988 ) that the number density of relativistic particles in single flare events, resulting from expanding synchrotron-emitting clouds, is given by
where δ represents the power index of the accelerated electrons, which is approximately δ ∼ 1.55 (Dubus et al. 2004) , and where
It can be shown that the number density of mildly relativistic electrons required to explain the non-thermal flares in AE Aquarii is of the order of 
Here it has been assumed that the initial size of these magnetized blobs is r 0 ∼ 10 9 cm, imposed by the width of the stream into which the magnetospheric field penetrates via turbulent diffusion and Kelvin-Helmholtz instabilities. It can be shown that particle acceleration and non-thermal emission in magnetized blobs with thermal particle densities exceeding n p 10 12 cm −3 requires a conversion efficiency of thermal particles to relativistic particles of e 0.1 per cent in a single blob. This is consistent with the overall conversion ratio (β ∼ 0.1 per cent) of the spindown power to the total observed non-thermal emission, as has been mentioned earlier. The combined radio to mid-infrared emission from AE Aquarii can then be explained in terms of a superposition of these synchrotron-radiating bubbles, in various stages of their expansion after propeller ejection from the system (e.g. Bastian et al. 1988; Meintjes & Venter 2003) .
The required magnetic field supporting the relativistic electron pressure capable of driving the maximum radio to mid-infrared synchrotron emission in expanding blobs with initial size r 0 ∼ 10 9 cm can be calculated by assuming equipartition between the field and relativistic particles (e.g. Pacholczyk 1970 ). This results in
∼ 300 L R-IR 10 31 erg s −1 2/7 r 0 10 9 cm
with C e (δ) ∼ 10 5 (for δ ∼ 1.55), with V source representing the initial source volume. This inferred field strength is similar to the magnitude of the magnetospheric field at the circularization radius. This result supports the conjecture that a very effective process of magnetization of the stream occurs, possibly at the circularization radius where the flow interacts most severely with the magnetospheric field. Turbulent diffusion and possibly Kelvin-Helmholtz instabilities may result in the creation of magnetized vortices in the stream, being stripped off through fast turbulent reconnection as a result of the large differential velocity between the magnetospheric field and the flow, resulting in magnetized synchrotron-emitting bubbles being ejected from the magnetosphere. Magnetic fields of this magnitude are also remarkably similar to the inferred blob fields from radio flares in earlier observations Bastian et al. (1988) .
These estimates definitely indicate that the MHD interaction between the fast rotating magnetosphere and a clumpy fragmented flow around the circularization radius provides a very interesting vehicle to explain the non-thermal radio to mid-infrared emission from AE Aquarii. This may also indicate that the nearly continuous flaring activity observed from AE Aquarii may in fact be the signature of the violent magnetospheric interaction.
C O N C L U S I O N S
The purpose of this study is not to provide a detailed model for the MHD processes involved in the propeller ejection of a fragmented stream from the AE Aquarii system by the fast rotating magnetosphere, but rather to provide a qualitative description of the required energetics assuming standard MHD. From an energetics point of view, the results look rather promising. It has been shown that turbulent diffusion and Kelvin-Helmholtz instabilities result in the fast rotating magnetosphere diffusing into the fragmented stream of material over time-scales comparable to the white dwarf spin period. This fast diffusion of magnetic field into the mass transfer stream allows an effective transfer of mechanical energy into the flow, which will propel it out of the binary system. It has been shown that the amount of MHD power pumped into a volume of gas equivalent to the volume of a ring of material that could orbit outside the circularization radius, if allowed to do so, is of the order of P MHD ∼ 10 34 erg s −1 , which is sufficient to drive the total inferred propeller ejected mass flow (L mech ∼ P MHD ) from the binary system. The efficiency of the propeller mechanism is most probably the result of very effective mixing between the field and the flow, resulting in the formation of magnetized bubbles of plasma being ejected from the fast rotating magnetosphere. Magnetic pumping may result in a fraction of the thermal electron population to be accelerated to energies of the order of γ e ∼ 150, which is required to explain the non-thermal radio to mid-infrared synchrotron emission from AE Aquarii. It has been pointed out that the efficiency of the particle acceleration process inside individual magnetized blobs can be of the order of e ∼ 0.1 per cent. The efficiency of the acceleration process in magnetized plasma bubbles is also of the same order of magnitude as the inferred conversion rate of the white dwarf's rotational kinetic energy to non-thermal emission, i.e. β ∼ 0.1 per cent. This confirms the distribution between mechanical and nonthermal power as is inferred from observational data. It has been pointed out that magnetic fields frozen into the magnetized plasma bubbles are of the order of a few hundred gauss, i.e. the magnetospheric field at the circularization radius, which may have been stripped off through reconnection into the gas in the interaction layer. These magnetized gas bubbles, or synchrotron sources, have the required energy density to confine a whole population of relativistic electrons with energies that can reach γ e ∼ 150. This is sufficient to drive the total radio to mid-infrared emission from the system from 1 to 25 000 GHz. This proposed model of the magnetospheric propulsion of blobs in AE Aquarii provides an interesting framework to evaluate the non-thermal emission in the system. The continuous non-thermal activity observed in AE Aquarii may in fact just be the signature of the processes described in the previous sections.
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